INTRODUCTION
============

High-throughput technologies, such as DNA microarray-based gene expression profiling provide valuable information on the transcription of all genes of a single microorganism. Usually, the first step for the interpretation of a microarray experiment is the statistical processing of the huge amount of data, including background substraction and normalization. This procedure usually generates long lists of interesting genes, which were found to be differentially expressed between the two conditions tested. The challenging biological interpretation of these results follows. For the automatization of this process on the basis of the available functional information about the proteins encoded by the genes of interest, a sophisticated and well structured functional classification system is required. Gene Ontology (GO) ([@b1]), which is based on a solid ontology and is applicable for every organism, fits these needs. It is organized as a directed acyclic graph (DAG) whose nodes represent the strict vocabulary that describes key biological functions and processes.

Here, we present JProGO (**J**ava Tool for the Functional Analysis of **Pro**karyotic Microarray Data using the **G**ene **O**ntology), which allows for the functional interpretation of gene expression data based on GO. For related purposes some programs and algorithms have already been developed ([@b2]--[@b14]). In general, these tools perform a thorough analysis based on a threshold value dependent or independent method, representing the obtained results as a table, denormalized tree, or as a subgraph of GO.

JProGO offers an integrative platform for the majority of statistical methods commonly used for the determination of the significant GO nodes. They calculate the probability that the expression profile of each particular GO node deviates randomly from its environment (alpha error, *P*-value).

The user can choose between four well established methods comprising the threshold value-based Fisher\'s exact test ([@b2],[@b12]) as well as the threshold value independent Kolmogorov--Smirnov test ([@b4]), Student\'s *t*-test ([@b5]) and unpaired Wilcoxon\'s test ([@b3]). For the Fisher\'s exact test we offer both two-sided and one-sided versions. The latter are identical to the hypergeometric test as implemented by related analysis tools ([@b6],[@b13]).

Amongst the variety of different methods of analysis, JProGO especially facilitates the analysis of microarray data for a broad range of prokaryotic species (more than 20 species), including all important model organisms (see [Table 1](#tbl1){ref-type="table"}).

METHODS AND IMPLEMENTATION
==========================

Main program and statistical methods
------------------------------------

The main program was written in Java (<http://java.sun.com>). It manages the invocation of the different algorithms that were implemented for the identification of GO nodes that significantly differ in their gene expression profile from their environment. For the algorithms based on Fisher\'s exact test, Kolmogorov--Smirnov test, Student\'s *t*-test and unpaired Wilcoxon\'s test, the *P*-value calculation is performed with the free statistical language R (<http://www.r-project.org/>) ([@b15]). In this setup, R runs in a server mode using Rserve. The Java progam sends requests to and obtains results from R via TCP/IP using Java-based JRClient classes. Rserve plugin for R and JRClient are both freely available from <http://stats.math.uni-augsburg.de/Rserve>. Statistical testing is restricted to GO nodes to which a sufficient number of genes is assigned (in this case at least four genes the expression of which has been measured). Correction for multiple testing is per default done by the false discovery rate (FDR) method ([@b16]). In addition, the more conservative Bonferroni method was implemented ([@b17]).

For the construction of the GO graph, recent versions of GO (December 2005) ([@b1]) and GO Annotation (November 2005) ([@b18]) were imported into the relational database PRODORIC ([@b19]), which contains information on the genes and the gene products of all publicly available sequenced prokaryotic genomes. PRODORIC was then used to calculate organism-specific GO graphs in which each gene of the considered organism was annotated to the most detailed GO node available and---due to the true path rule---to all its parent nodes. These organism specifically annotated GO graphs were then stored as XML files in order to enable their fast subsequent reconstruction for the web service. For that purpose the Sax Parser is used.

Detection of alternative gene names
-----------------------------------

For each prokaryotic organism of JProGO, official short names, ORF ID\'s (genome project numbers) and synonymous gene names were obtained from the PRODORIC database ([@b19]) and from a recent Uniprot database release (November 2005) ([@b20]). To avoid ambiguities, redundant synonyms are excluded from matching. For the recognition of the alternative gene names the following priority order is maintained: The gene names from the microarray datasets are first matched with the official short names. Subsequently ORF ID\'s and the remaining non-redundant synonyms are taken into account.

Web interface and visualization
-------------------------------

For the smooth integration of the Java classes of the main progam into the web interface, we employed Java Servlet Technology. Jakarata Tomcat runs as the servlet container and web server on a Linux platform (<http://jakarta.apache.org/tomcat>). For visualization of the expression profile of the genes belonging to a specific GO node and those representing the background distribution, the Java package JFreeChart is used (<http://jfree.org/jfreechart>). For representation of GO subgraphs that contain the significant GO nodes and all their parent nodes up to the root standard graph traversal algorithms, such as breadth first search are used. Subgraphs are visualized with the dot tool (GraphViz package, <http://www.graphviz.org>).

RESULTS AND DISCUSSION
======================

Rationale of the approach and features of the tool
--------------------------------------------------

Our tool enables the automatic interpretation of DNA microarray gene expression data by combining a priori biological knowledge with statistical evaluation of expression profiles of predefined groups of genes. It recognizes alterations in biological functions and processes via the identification of corresponding GO terms that are significantly changed in their gene expression profile under the two conditions compared.

For this purpose we offer a comprehensive range of different statistical methods which are either threshold-based (Fisher\'s exact test) or threshold independent (Kolmogorov--Smirnov test, Student\'s *t*-test and unpaired Wilcoxon\'s test).

Threshold-free methods are more appropriate for the identification of functions and processes involved in cellular adaptation processes, which are characterized by their continuous nature. The major advantage is that the user does not have to define a somewhat arbitrary threshold value, which usually has a strong influence on the outcome of the analysis. With the threshold-value independent Student\'s *t*-test we have included a parametric test into JProGO. In contrast, the other two threshold independent tests, the Kolmogorov--Smirnov test and the unpaired Wilcoxon\'s test, are non-parametric and therefore do not assume a normal distribution for the expression profile of each tested GO node.

Since for each GO node a separate statistical test has to be performed, a multiple testing problem arises. Therefore, we have included the control of the FDR ([@b16]), which probably belongs to the most accepted methods of correction. One advantage of the FDR method in comparison to family-wise error rate (FWER) controlling methods, such as Bonferroni correction ([@b17]) is its greater statistical power.

Another advantage of our tool is that it supports the user-friendly immediate functional evaluation of expression data from more than 20 prokaroytic species (see [Table 1](#tbl1){ref-type="table"}). Currently available tools mainly focus on the analysis of microarray data from eukaryotes, centering on model organisms, such as man, mouse, rat, *Arabidopsis* or yeast. For an analysis with the JProGO program the user only has to submit the expression data. The input of microarray data both as expression ratios and as probabilities of differential expression is supported. No additional effort for the generation of an assignment between the GO nodes and corresponding genes or the mapping to alternative gene names is required. We provide an automated recognition of alternative gene names.

An important feature of JProGO is that it visualizes the obtained results both as a table with numerous sorting and filter functions and as a subgraph of GO, containing all significant GO nodes and their paths up to the root node (see [Table 1](#tbl1){ref-type="table"} and Figure 3). The distribution of expression values of all genes assigned to a selected GO node and that of the background distribution can be visualized. A list of genes assigned to a particlular GO node of interest can be obtained together with the corresponding expression values. Links to PRODORIC database allow direct access to in-depth information on the selected genes.

Use of the web interface
------------------------

### Input

In order to start the functional interpretation of prokaryotic gene expression data, the microarray data are uploaded ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Expression data should be saved in a text file that contains in each row the short name of a particular gene and its corresponding value. After upload of the data, the prokaryotic organism from which the data have been derived is specified. The user has to state the type of data, either expression ratios or probabilities of differential expression. As further options the method of analysis can be chosen and the significance level should be determined (default 0.05). If a threshold-based method is selected, the threshold value is specified.

After selection of these options all necessary settings are made. Then, the proof of validity of the submitted microarray data starts; this includes checking for correct number formats of the expression values and the matching of gene names ([Figure 2](#fig2){ref-type="fig"}). A summary of this check is shown on a second web page. The user can now decide whether to proceed with the analysis or to return to the data submission form.

Calculation is done on the fly, so no waiting queue exists but results are immediately available to the user. Altogether a complete analysis takes about 3--5 min, assuming that the web server is not fully loaded.

### Output

The analysed GO nodes are displayed as an interactive table. They are sorted by their calculated *P*-values by default, thus biologically most relevant nodes can be found at the top of the table (see [Table 2](#tbl2){ref-type="table"}). The user can choose between several sorting and search options, such as searching for GO nodes that contain a specific phrase in their names. In addition, the user can select nodes the *P*-value of which is above or below a certain value or within a certain range. Displayed GO nodes can be restricted to one or two of the three sub-ontologies: molecular function, biological process and cellular component. GO nodes that meet any of the selected filter criteria are high-lighted in the corresponding table.

In addition to the table view, the high-lighted nodes---by default GO nodes with a significant *P*-value---are visualized as a GO subgraph. The selected GO nodes and all their parents up to the root node are shown. Here, the GO nodes\' size and colour reflect a certain *P*-value. Thus, the user can easily recognize those functions and processes which are affected and classify them in the context of the hierarchy of GO. The table can be downloaded as a tab-delimited text file and the relevant GO subgraph as a pdf or png file.

In both, table and GO subgraph view, clicking on a node generates another web page that shows a table with all the genes that are assigned to this node and their corresponding expression values. Each gene offers a hyperlink to PRODORIC database ([@b19]) where more detailed functional and regulatory information is provided. In addition, the expression profile of the genes belonging to the GO node and those of the background distribution are visualized as histograms. A guided tour for the JProGO web interface can be found on our web page (<http://www.jprogo.de/tour.jsp>).

EXAMPLE APPLICATION
===================

[Table 1](#tbl1){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"} show the results of a typical JProGO analysis. We investigated a knockout of the global transcriptional regulator ArcA, which regulates the expression of genes in response to changes in oxygen tension in *Escherichia coli* ([@b21]). The posterior probabilities of differential expression for the microarray dataset were taken from <http://www.jbc.org/cgi/content/full/M414030200/DC1>.

For example, threshold-free Wilcoxon\'s test (two-sided, alpha = 0.05, FDR correction) yielded 10 significant GO nodes, representing oxidative energy derivation (e.g. 'energy derivation by oxidation of organic compounds') and central energy-coupled processes, such as 'hexose metabolism' whose activities are typically altered under anaerobic life conditions ([Table 2](#tbl2){ref-type="table"} and [Figure 3](#fig3){ref-type="fig"}).

These results fit well with the biological expectation.

In this example both the FDR correction and the Bonferroni method yield the same results. Supplementary Data and further examples are available on our web page (<http://www.jprogo.de/examples.jsp>).

CONCLUSION AND OUTLOOK
======================

We provide the user with an integrative program suite which allows the easy and intuitive functional interpretation of mass gene expression data, such as microarray data. For this purpose, the user has the opportunity to choose between threshold-value based or threshold-value independent statistical methods. In addition, we provide the user with a correction method for multiple testing, the well established FDR method ([@b16]). We also plan to offer a permutation-based approach, which would be an appealing alternative since permutation-based procedures ([@b22]--[@b24]) are well suitable for correcting multiple dependent tests, although they require considerably longer running times. In order to integrate this feature, expanding JProGO towards an asynchronous web service would be appropriate.

In summary, JProGO enables a comparative exploratory analysis of the microarray data using the strengths of the selected statistical methods. Because of focussing on well investigated bacterial species, we think the tool is especially suitable for reseachers in the field of prokaryotic gene expression.

In the near future, JProGO will be expanded to support analysis of other species in order to include all sequenced prokaryotes. Moreover, in addition to GO further groupings of genes will be included, such as operons or regulons which comprise genes regulated by the same transcription factor. Since PRODORIC database ([@b19]), which is a rich source of operons, regulons and regulatory motifs, is one of the main data sources for JProGO its expansion towards containing such gene groupings can be smoothly achieved and this will constitute a valuable feature for the web service.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR online.
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![JProGO web interface data submission form.](gkl329f1){#fig1}

![Workflow of the analysis process of JProGO.](gkl329f2){#fig2}

![Example for the application of JProGO for a microarray dataset from *E.coli* ([@b21]) that investigates the influence of ArcA, a global transcriptional regulator on genes of aerobic function. View of the subgraph induced by the significant GO nodes (thick border, see also [Table 1](#tbl1){ref-type="table"}) and the root node ('all'). The node\'s *P*-value is reflected by its size and brightness whereas nodes with lower *P*-values are larger and brighter. In addition, the node\'s colour represents its GO sub-ontology (category) which is either molecular function (red), biological process (green) or cellular component (blue).](gkl329f3){#fig3}

###### 

List of all 23 prokaryotic species currently available in JProGO together with the number of genes

  Organism                                                       Gene number
  -------------------------------------------------------------- -------------
  *Bacillus cereus* (strain ATCC 10987)                          5603
  *Bacillus subtilis* (strain 168)                               4101
  *Caulobacter crescentus* (strain CB15)                         3737
  *Clostridium tetani* (strain Massachusetts)                    2373
  *Corynebacterium glutamicum* (strain DSM 20300 \[Nakagawa\])   3099
  *Escherichia coli* (strain K12)                                4291
  *Helicobacter pylori* (strain ATCC 700392)                     1580
  *Listeria innocua* (serovar 6a, strain CLIP 11262)             2981
  *Listeria monocytogenes* (serovar 1/2a, strain EGD-e)          2855
  *Methanococcus jannaschii* (strain JAL-1)                      1770
  *Mycobacterium tuberculosis* (strain H37Rv)                    3918
  *Mycobacterium tuberculosis* (strain Oshkosh)                  4187
  Mycoplasma genitalium (G-37)                                   480
  *Mycoplasma pneumoniae* (strain M129)                          688
  *Pseudomonas aeruginosa* (strain PAO1)                         5573
  *Pseudomonas putida* (strain KT2440)                           5351
  *Rickettsia conorii* (strain Malish 7)                         1374
  *Rickettsia prowazekii* (strain Madrid E)                      834
  *Salmonella typhimurium* (strain ATCC 700720)                  4412
  *Staphylococcus aureus* (strain N315)                          2595
  *Streptococcus pneumoniae* (strain TIGR4)                      2094
  *Streptococcus pyogenes* (serovar M1, strain SF370)            1697
  *Yersinia pestis* (biovar Mediaevalis, strain KIM5)            4090

Only chromosomal protein-coding genes are considered; data were imported from PRODORIC database (January 2006) ([@b19]).

###### 

Example for the application of JProGO for a microarray dataset from *E.coli* ([@b21]) that investigates the influence of ArcA, a global transcriptional regulator on genes of aerobic function (compare to [Figure 3](#fig3){ref-type="fig"})

  GO category          GO accession nos   GO name                                               *P*-value
  -------------------- ------------------ ----------------------------------------------------- ------------
  Molecular function   GO:0005215         Transporter activity                                  1.8845E-6
  Biological process   GO:0005996         Monosaccharide metabolism                             4.71 97E-6
  Biological process   GO:0019318         Hexose metabolism                                     1.2557E-5
  Biological process   GO:0006066         Alcohol metabolism                                    1.3639E-5
  Biological process   GO:0006810         Transport                                             1.5379E-5
  Biological process   GO:0006351         Transcription, DNA-dependent                          2.1493E-5
  Biological process   GO:0051179         Localization                                          2.2139E-5
  Biological process   GO:0051234         Establishment of localization                         2.2139E-5
  Biological process   GO:0015980         Energy derivation by oxidation of organic compounds   4.5974E-5
  Molecular function   GO:0003676         Nucleic acid binding                                  4.9689E-5

Table view showing the significant GO nodes with their *P*-values.
